Abstract. In this case study we investigate the source region of whistler-mode chorus located close to the geomagnetic equator at a radial distance of 4.4 Earth radii. We use measurements from the four Cluster spacecraft at separations of less than a few hundreds of km, recorded during the geomagnetic storm of 18 April 2002. The waveforms of the electric field fluctuations were obtained by the WBD instruments in the frequency range 50 Hz-9.5 kHz. Using these data, we calculate linear and rank correlation coefficients of the frequency averaged power-spectral density measured by the different spacecraft. Those coefficients have been recently shown to decrease with spacecraft separation distance perpendicular to the static magnetic field (Santolík and Gurnett, 2003) with a characteristic scale length of 100 km. We find this characteristic scale varying between 60 and 200 km for different data intervals inside the source region. We examine possible explanations for the observed large scatter of the correlation coefficients, and we suggest a simultaneously acting effect of random positions of locations at which the individual chorus wave packets are generated. The statistical properties of the observations are approximately reproduced by a simple 2-D model of the source region, assuming a perpendicular half-width of 35 km (approximately one wavelength of the whistler-mode waves) for the distribution of power radiated from individual active areas.
Introduction
Natural emissions of whistler-mode chorus consist of electromagnetic waves in the frequency range from a few hundred Hz to several kHz. On time-frequency power spectrograms, they often appear as a sequence of intense, discrete wave packets. Each of them typically lasts for a fraction of a second and, during that time, its frequency changes
Correspondence to: O. Santolík (ondrej.santolik@mff.cuni.cz) as a rising or falling tone. Chorus emissions have been known for several decades (see reviews by Omura et al., 1991; Sazhin and Hayakawa, 1992 , and references therein) but their source mechanism is not yet well understood. It is generally believed that chorus is generated by a nonlinear process based on the electron cyclotron resonance of whistler-mode waves with energetic electrons, taking place close to the geomagnetic equatorial plane (e.g. Kennel and Petschek, 1966; Helliwell, 1967; Tsurutani and Smith, 1974; Nunn et al., 1997; Trakhtengerts, 1999) . Storm-time chorus is especially important for the physics of the Earth's magnetosphere, since it can significantly influence the distribution functions of the energetic electrons in the outer radiation belt (e.g. Meredith et al., 2003; Horne et al., 2003; Horne and Thorne, 2003) .
The chorus source region has been recently investigated using in situ measurements of the Polar and Cluster spacecraft, leading to new observations on various chorus characteristics, such as the position of the source (Lauben et al., 1998; LeDocq et al., 1998; , frequency shifts of chorus elements on power spectrograms obtained at different points in space (Gurnett et al., 2001) , propagation directions of the chorus wave packets, and fine sub-packet structure embedded inside them . The present paper is a sequel of the recent work on the correlation analysis of the power-spectral density of chorus measured in its source region . The analysis was based on simultaneous measurement on board the four Cluster spacecraft during the geomagnetic storm of 18 April 2002. The correlation coefficient decreased in the plane perpendicular to the local static magnetic field (B 0 ) with a characteristic scale of approximately 100 km, while this scale was at least several times larger in the direction parallel to B 0 . This was in agreement with the theory of Trakhtengerts (1999) , who, in the direction perpendicular to B 0 , predicted a characteristic scale between 100 and 300 km for spatial features of chorus generation. The theory also predicts that, in the direction parallel to B 0 , the characteristic dimension of the source region is by an order of magnitude larger (Helliwell, 1967; Trakhtengerts, 1999 . Universal time (UT) and position of Cluster 1 are given on the bottom using the radial distance (R) in Earth radii (R E ), magnetic dipole latitude (MLat) in degrees, and magnetic local time (MLT) in hours. One half of the local electron cyclotron frequency 1/2f ce is plotted over the panels (a-b). The letters A-L on the top indicate twelve 10-second time intervals selected for the correlation analysis. Santolík and Gurnett (2003) found relatively large variations of the obtained correlation coefficients when the data from several time intervals were combined. The aim of the present paper is to investigate these variations of the correlation coefficients, and to provide their tentative interpretation using a simplified 2-D model of the source region. Our investigation is based on multipoint measurements of the wideband (WBD) plasma wave instruments on board the four Cluster spacecraft (Gurnett et al., 1997 (Gurnett et al., , 2001 . Supporting wave propagation parameters necessary to identify the source region are provided by the spectrum analyzers of the STAFF instruments , plasma density estimates are based on the data of the Whisper sounders , and the electron cyclotron frequency is determined from measurements of the onboard fluxgate magnetometers FGM (Balogh et al., 2001) . In Sect. 2 we show the overview of the WBD observations in the chorus source region and examples of high-resolution spectrograms. Correlation of the power-spectral density measured by the different spacecraft is then analyzed in Sect. 3. In Sect. 4 we interpret the results using a simple 2-D simulation of chorus source region, and, finally, in Sect. 5 we summarize the results.
Time-frequency characteristics of chorus in the source region
Wave measurements of the Cluster spacecraft during the the geomagnetic storm of 18 April 2002 (Dst index below −120 nT and K p index of 7 • ) were recently studied in detail by Santolík et al. (2003) . Here we only summarize their main features. Between 08:20 and 09:30 UT, the four spacecraft moved close to the equatorial plane on the nightside (MLT≈21:00) at a radial distance of 4.4 R E . Their maximum separation was ≈260 km along B 0 and 100 km in the perpendicular plane. Intense chorus was observed by the WBD, STAFF, and Whisper wave instruments. Plasma density of a few particles per cm 3 , indicative of magnetospheric regions outside the plasmasphere, was estimated from the Whisper data (P. Canu, private communication, 2002; Canu et al., 2001 ). The WBD instruments measured continuous waveforms with pass-band filters between 50 Hz and 9.5 kHz, mainly using the 88-m electric double-sphere antennas (for short periods of time, signals from magnetic search coil antennas were transmitted-these data are not shown here). Figure 1 summarizes observations of the WBD instruments within the source region. Time-frequency power spectrograms of the electric field fluctuations measured by the four spacecraft are averaged and shown in Fig. 1a . The white line plotted over the spectrogram represents one half of the local electron cyclotron frequency (1/2f ce ) calculated from the average B 0 measured by the four spacecraft. Figure 1a shows two bands of chorus emissions, ≈2-3.5 kHz, and ≈4-6 kHz, separated by a gap of decreased power (Tsurutani and Smith, 1974) absolute differences between each of the four spectrograms and their average. This mean absolute deviation is plotted in Fig. 1b . It shows that sometimes the differences can reach the same order of magnitude as the average spectrogram. This could reflect observations of the same but time shifted spectral features. We will show later on that this is not the case and that the high values of the mean absolute deviation directly reflect differences among the observed power spectrograms. Simultaneous measurements of the STAFF-SA instruments show (see Fig. 1c of Santolík et al., 2003) that in the lower-frequency band of chorus (below 4 kHz), the Poynting flux predominantly has a southward component when the spacecraft are located to the south of a 4 • -interval of magnetic latitudes around the equator. Similarly, the Poynting flux mainly has a northward component when measured to the north of this interval. The observed divergence of the Poynting flux has been interpreted as a passage through the chorus source region . The source is located close to the equatorial plane, in agreement with previous results (LeDocq et al., 1998; Burton and Holzer, 1974; Burtis and Helliwell, 1969) , and also with other Cluster observations . The STAFF-SA data also show us that the average wave vectors were approximately parallel to B 0 in the source region ( Fig. 1d of , as previously observed, e.g. by Hayakawa et al. (1984) and Goldstein and Tsurutani (1984) . With the plasma density estimated from the Whisper data, and with the electron cyclotron frequency from the in situ FGM measurement, we obtain, using the cold plasma theory (e.g. Stix, 1992) , a typical wavelength of approximately 30 km for a parallel propagating wave at 3.5 kHz.
From the data in Fig. 1 , we have selected twelve 10-second intervals for further analysis (marked by letters A-L on the top of the figure). Examples are shown in Figs. 2 and 3. On these detailed power spectrograms, we can clearly see separate elements in the lower-frequency band of chorus below 1/2f ce . They all appear as intense rising tones lasting for approximately 0.1 s and increasing their frequency from ≈2 to 3.5 kHz. The upper band of chorus is at frequencies just above 1/2f ce . It also contains rising elements which are sometimes (mainly in Fig. 3 ) synchronized with the elements appearing in the lower band. These individual elements in the upper band are better resolved in Fig. 3 but in both figures they are embedded in continuous hiss. The band below 1/2f ce also contains hiss at frequencies around 2 kHz, just below the lowest frequency of chorus. This is especially seen in Fig. 2d , where hiss seems to be directly connected to chorus (Koons, 1981; Hattori et al., 1991) , triggering possibly the discrete elements (as discussed for another time interval by Santolík et al., 2003) . These discrete elements are, nevertheless, always more intense than hiss by several orders of magnitude. If we now transform the measured electric field waveforms to acoustic waveforms using different loudspeakers for signals from the different spacecraft, the ensemble of these emissions sounds like a tropical forest, full of birds loudly chirping from different directions (lower band of chorus), and insects making their high-pitched sounds (higher band of chorus).
The chirps seem to come from different directions because, as can be seen in Figs. 2 Fig. 2 (panel a) , and Fig. 3 (panel b) . The results for the four Cluster spacecraft are color coded. and 2. On another example case, these differences have been quantified by means of the correlation analysis . In the present paper, we use the same procedure, calculating averaged power-spectral densities in the 1-kHz frequency band below the local 0.48 f ce . With the time resolution of 0.04 s, this averaging gives a time series of 250 data points for each spacecraft in a 10-s time interval. The resulting time series are shown in Fig. 4 for the intervals 
Variation of the correlation coefficients of the frequency averaged power-spectral density
The time series shown in Fig. 4 are used in the correlation analysis. We first calculate common logarithms L iξ of the frequency-averaged power-spectral densities for each spacecraft i= 1. . .4, where ξ = 1. . . N is the sample index in the time series, in our case N = 250. We then calculate the Pearson's coefficient r of linear correlation, and the nonparametric Spearman's rank correlation coefficient ρ (e.g. Press et al., 1992) . The Pearson's coefficient r is, for a spacecraft pair (i,j ), given by the standard formula,
whereL i is the mean value of the ith series,L i = ξ L iξ /N . The Spearman's rank correlation coefficient ρ is calculated from the modified time series iξ , constructed as magnitudebased ranks among the original series L iξ ,
where¯ i is the mean value of the series iξ .
With the four spacecraft, we have six different pairs and therefore six values r ij of the Pearson's correlation coefficient r, and six values ρ ij of the Spearman's rank correlation coefficient ρ, i.e. 72 total values of each coefficient from the 12 selected intervals A-L (see Fig. 1 ). These intervals contain similar emissions, as shown in Figs. 2 and 3 , and their selection is the same as in the previous analysis (Fig. 3 of Santolík and Gurnett, 2003) , excluding the example interval from Fig. 1 of Santolík and Gurnett (2003) . This selection was dictated by the requirement that separate wave packets of chorus have to appear as distinct peaks in the time series L iξ . In all the other time intervals in the source region, either steady hiss-like emission is recorded, or the chorus elements can be recognized on the spectrograms but they follow each other so closely that it is impossible to distinguish them individually in the frequency-averaged time series. A different analysis method would be necessary for these intervals and, to allow comparison of our results with the previous analysis , we have chosen the same analysis method, and therefore the same set of intervals.
The 72 resulting values of both correlation coefficients (Eqs. 1, 2) are plotted in Fig. 5 as a function of the parallel separation D of the two spacecraft (i, j ). This separation is calculated as the component of their separation vector D in the direction parallel to B 0 , D =(D·B 0 )/|B 0 |. Different colors in Fig. 5 correspond to the 12 selected time intervals A-L. All the obtained values of r and ρ are significantly deviated from zero. The standard deviation of r for uncorrelated data would be, roughly estimated, ≈0.06, which is approximately 3 times lower than the lowest r values obtained. The probability of obtaining the lowest observed ρ values, assuming the hypothesis of uncorrelated data, is below 0.2%. This means that the data are significantly correlated in all cases. We can see that the points are grouped according to the pairs of spacecraft, as identified on the bottom, i.e. for a given spacecraft pair, D is nearly constant in the twelve time intervals. However, we cannot distinguish any trend of either correlation coefficient as a function of D . Our interpretation is that the correlation does not depend on the parallel separation in our range of D . Figure 6 shows the results as a function of the perpendicular separation D ⊥ , calculated as the modulus of the projection of the separation vector D to the plane perpendicular to B 0 , D ⊥ =|D×B 0 |/|B 0 |. The results are again plotted by different colors for the different intervals, the points from individual intervals being additionally connected by solid lines. In this case, a global trend of decreasing correlation coefficients with increasing D ⊥ can be seen. To investigate this global behavior, we have divided the total range of D ⊥ into 5 subranges, 0-20 km, 20-40 km, 40-60 km, 60-80 km, and 80-100 km. From all the values obtained in each subrange we have calculated the median value, the 0.16-quantile (corresponding to the mean value minus one standard deviation for the normal distribution), and the opposite 0.84-quantile. These robust statistical parameters clearly demonstrate the trend of obtained values of the correlation coefficients, as shown by the shaded areas in Fig. 6 . We therefore choose model functions,
allowing us to describe the decreasing trend quantitatively.
Results of nonlinear least-squares fits of these two functions to all the data points are shown by dotted lines in Figs. 6a and 6b, respectively. The resulting optimized parameters are A r =0.88±0.01, r =(105±3) km for the Pearson's correlation coefficient, and A ρ =0.82±0.02, ρ =(103±3) km for the Spearman's rank correlation coefficient. In both cases, the error estimates are based on an assumption that all the obtained results have normally distributed random errors with a standard deviation of 0.06. As it was already discussed in Sect. 3 of Santolík and Gurnett (2003) , the results with A r <1, A ρ <1 mean that zero D ⊥ does not imply absolutely correlated data. Among the reasons could be the modulation by the spacecraft spin motion, clipping of the waveforms by the finite dynamics of the measurement, slight fluctuations of the B 0 direction, or, finally, small variations of the received power with D . Note also that the model in Eq. 3 was chosen rather arbitrarily, and another function could be used to fit the data with a similar success, for example, an exponential function exp(−D ⊥ /δ). Although we can see in Fig. 6 that the obtained values systematically decrease with increasing D ⊥ , the results are scattered across rather large intervals of r and/or ρ, especially for larger D ⊥ . This could have two possible reasons: (1) variations of the characteristic correlation scale in the different time intervals, (2) variations of the correlation coefficient owing to the statistical nature of the source. In the remainder of this section we will examine the possibility (1), while the explanation (2) will be investigated in Sect. 4. Comparing now the results from the different time intervals with the global model (dotted line in Fig. 6 ) or median values (thick white line), we can see that the six points in every single interval sometimes are both above and below the model curve, for example, the results from the interval E. However, there are also intervals which consistently give results below or above the model, for example, the intervals D (above) and J (below). In some cases, we can find differences in this behavior comparing the two correlation coefficients, see, for example, the results from interval L.
To quantify the differences between the results from the separate intervals, we have calculated the optimized parameters of the Gaussian model (Eq. 3) for each interval separately. We have used the same procedure as we used to obtain the global parameters shown in Fig. 6 , but every time for just the six points from every single interval. The results are shown in Fig. 7 . The relatively large error bars correspond to the low number of input points, but we still can see that there are nonnegligible differences between the results from the different time intervals. The characteristic scales of both correlation coefficients can thus be found in an extended interval ≈60-200 km. We do not observe any clear signs of ordering of these results with respect to the parallel distance from the central position inside the source.
Interpretation using a 2-D model of the source region
In an attempt to investigate the statistical nature of our results, we have developed a simple computational model of the chorus source region. We realize that the actual configuration is necessarily much more complex than what we assume below, but we'll demonstrate that even such a simple model predicts statistical properties of the correlation coefficient which are surprisingly close to the observations. We suppose that the individual wave packets of chorus are generated in localized areas whose central positions X i are randomly distributed in a 2-D plane perpendicular to B 0 . Each location has a 2-D distribution of radiated power decreasing as a Gaussian function with the distance of the point of observation x from the central position,
where P is the wave power at position x, d i is the half-width of the active area, and P i characterizes its strength. In our model we assume that all the individual active areas have the same P i and d i . Each of the active areas starts its radiation at a random time t 0 and the wave power is detected by a pair of virtual spacecraft with a predefined perpendicular separation D ⊥ . In this simple 2-D model we suppose that the two spacecraft are close to the source and we do not take into account any propagation effects. This assumption is equivalent to the straight line propagation perpendicular to the source plane (i.e., along B 0 ). This is most probably close to reality, since the group velocity of the whistler mode does not deviate very much from B 0 , even if the emission is emitted in a wide interval of wave vector directions. This might well be the case, taking into account the finite transverse dimension of the sources. The finite interval of angles between emitted rays and B 0 might then slightly increase the observed correlation coefficients with respect to this simple model. To account for the quasi-periodic occurrence of the wave packets, we suppose that each active area radiates a series of wave packets, where the neighbor wave packets are separated by a randomly chosen delay τ between 0.2 and 0.6 s. The number n of wave packets in a series is chosen randomly between 1 and 8, the duration of every wave packet being set to a fixed value of 0.08 s. These numerical values roughly correspond to the parameters of chorus during the selected intervals which have been used for analysis in Fig. 6a . The background noise is supposed to be at the level of 10 −4 P i , leading to a "visibility circle" with a radius of √ ln(10 4 ) · d i ≈3d i around the position of each virtual spacecraft. The central position X i must appear inside the visibility circle if the wave packets from an active area are to be detected above the noise level at a given spacecraft. The spatial and temporal density of such randomly generated active areas is adjusted to obtain, on average, one area acting at a time within the visibility circle. The model doesn't include any of the possible factors decreasing the correlation at low D ⊥ mentioned in Sect. 3.
Our simulation procedure then consists in (1) defining positions of a pair of virtual spacecraft consistent with a perpendicular separation D ⊥ , (2) generating 10 s of artificial data, i.e. for each spacecraft, 250 samples of wave power with the sampling period of 0.04 s, and with statistical properties defined by the above described model, (3) calculating the Pearson's coefficient of linear correlation r M in the same way as we did with the experimental data using Eq. 1, (4) repeating items 2 and 3 for 500 independent realizations of data with the random parameters X i , t 0 , τ , and n. The obtained statistical properties of the simulated data indicate that the large spread of r, obtained from the observations (Fig. 6a) , can be reproduced just by a random spatial and temporal distribution of localized generation areas, while assuming the same fixed half-width d i for all of them. This behavior can be intuitively described, realizing that the position of the simulated active areas is random with respect to the two virtual spacecraft. If an active area accidentally appears exactly in the middle between them, with its central position lying on the same line as the spacecraft, the simulated signals will be absolutely correlated. If, on the other hand, an active area appears much closer to one of the virtual spacecraft, the correlation will be low. Those differences then cause the large statistical spread of the obtained results. Comparison with Fig. 6a shows that the model with d i =35 km (Fig. 8a) is the closest one to the observed data. This is consistent with the above mentioned numerical results on r , which is close to the observed values of ≈100 km for d i =35 km.
Conclusions
This work is a continuation of a previous research on the correlation of the frequency averaged power-spectral density of chorus in its source region. It was shown that the correlation coefficients decrease with increasing separation of spacecraft in the plane perpendicular to the static magnetic field. In this plane, the characteristic scale of the changes of the correlation coefficients was found to be close to 100 km, The characteristic scale parallel to the static magnetic field is at least several times higher. However, the values of the correlation coefficient obtained at similar perpendicular separations were found to be significantly scattered when combining the result from different time intervals within the source region.
In the present paper we have investigated possible explanations for this large spread of obtained values of both the Pearson's coefficient of linear correlation, and the Spearman's rank correlation coefficient. Our conclusion is that two different effects may act simultaneously.
(1) The perpendicular scale of the correlation coefficients varies approximately between 60 and 200 km when comparing different data intervals inside the same source region. No systematic variations of the perpendicular scale with respect to the parallel position within the source region have been found.
(2) The individual chorus wave packets may be generated at random places within a broader source region. When detected by a pair of spacecraft at a given perpendicular separation, this randomness causes a random spread of the obtained values of the correlation coefficients. A simple 2-D model of statistical properties of the source region approximately reproduces the observations if we assume a perpendicular half-width of 35 km for the power carried by individual wave packets. This half-width is comparable to the wavelength of the radiated wave.
The individual wave packets are thus radiated from regions with very small characteristic perpendicular dimensions with respect to the field lines in the equatorial region. This most probably implies that the distribution of the initial wave normal angles is rather wide in the source region. On the other hand, the parallel scales of these source regions can be tens to hundreds times larger, forming long and narrow spaghettilike objects. The question is whether those very low perpendicular scales are the general property of the chorus source mechanism, or just a special case of the presented observations under the disturbed magnetospheric conditions. A systematic study of a set of similar multipoint observations is under way.
